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a  b  s  t  r  a  c  t
Normal  phase  (NP)  high-performance  liquid  and  sub-  and  supercritical  ﬂuid  chromatographic  (both
acronymed  as SFC)  methods  have  been  developed  for the  enantiomer  separation  of three  basic  and
three ampholytic  structurally  related  C-3-substituted  indole  analogs  on  seven  non-ionic  (neutral)
polysaccharide-based  and  two chemically  entirely  different  zwitterionic  Cinchona  alkaloid-  and  sulfonic
acid-based  chiral  stationary  phases  (CSPs).  In a systematic  fashion  the  effect  of  the  composition  of  the
mobile  phase,  the  nature  of  the  alcohol  and  amine  additives  on  the retention  characteristics  and  enan-
tioselectivity  of the  ionizable  analytes  were  investigated.  On all studied  polysaccharide-based  CSPs the
three  ampholytes  remained  unretained  in  NP-LC  mode,  while  they  were  nicely  retained  and resolved  in
SFC  mode.  These  unexpected  results  underline  a speciﬁc  property  of liquid  CO2 as  bulk  solvent  in combi-
nation  with  alcohols  as co-solvents  and  amine  additives  thus  creating  an  environment  around  the chiral
selector  sites  which  support  the  retention  of  ampholytes.  The  zwitterionic  CSPs  worked  equally  well  for
the resolution  of the  basic  and  ampholytic  analytes  using  a polar  ionic  mobile  phase  in  both  LC  and  SFC
modes.
Results  acquired  by  studying  the  effect  of  temperature  were  used  to calculate  the  changes  in  standard
enthalpy  (H◦),  entropy  (S◦), and  free energy  (G◦) applying  van’t  Hoff  plots.  The values  of
the  thermodynamic  parameters  depended  on the  nature  of  selectors,  the  structure  of  analytes  and  the
properties  of the  mobile  phases.  On  polysaccharide-based  CSPs  and  columns  operated  in NP-LC  mode
enthalpically-,  whereas  in SFC mode  both  enthalpically-  and  entropically-driven  enantiomer  separations
were  observed.
© 2018  Elsevier  B.V.  All  rights  reserved.. IntroductionIndole derivatives and particularly the ones with the ˇ-carboline
keleton are widely distributed in nature and many of them dis-
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021-9673/© 2018 Elsevier B.V. All rights reserved.play important biological activities. Moreover, a vast number of
natural and synthetic indoles have found applications as pharma-
ceuticals [1,2] due to their diverse biological and pharmacological
activities [3–8]. Because of this, the synthesis and functionalization
of indoles have become hot topics of organic synthesis in recent
decades [9–11]. Most of these new indole derivatives have chiral
elements within their structure which requires the resolution of
the enantiomers to fully characterize them.
For analytical and preparative separation of enantiomers, LC-
based direct methods utilizing chiral stationary phases (CSPs) are
applied most frequently and became a routine methodology in
A. Bajtai et al. / J. Chromatogr. A 1563 (2018) 180–190 181
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ndustry and academia [12]. However, for chiral separations, nowa-
ays SFC is also becoming a more and more popular technique
13–20]. It is important to highlight the fact that despite of the
ynamically growing scientiﬁc results and published literature on
FC, fundamental studies are still lacking, however, an excellent
tudy describing several aspects of SFC has been published recently
21].
Concerning the operational conditions of SFC and their con-
equences on chromatographic parameters in comparison to LC
onditions it is of essence to take the effects of the back pressure,
he co-solvents and the temperature on the property of the pres-
urized liquid CO2 containing mobile phase into consideration [22].
sing amines as additives their effects, particularly in context with
he property and the thickness of the adsorbed layer formed on the
urface of the stationary phase (which may  be signiﬁcantly more
olar as the bulk mobile phase) should also be considered [23].
ecently Fornstedt et al. demonstrated very clearly the combined
obile phase property effect to be encountered of SFC-type opera-
ional conditions in context with the enantiomer separation of basic
rugs using a polysaccharide-type CSP. It became evident that the
ormal phase (NP) retention and selectivity rules may  not apply to
he SFC conditions due to the fundamentally different operational
roperties of the mobile phases [24].
The aim of the present study was twofold. Firstly, to screen
wo chemically entirely different sets of CSPs, (i) neutral and non-
onizable but moderately polar polysaccharide-based CSPs, and (ii)
olar and ionizable brush-type zwitterionic CSPs (Fig. 1) for their
apability to resolve the three basic and three ampholytic chiral
ndole-type analytes (depicted in Fig. 2) in LC-mode. Secondly, to
nvestigate the same CSPs and analytes when operated with SFC
onditions.Among numerous commercially available CSPs and “chiral
olumns” the polysaccharide-type phases are nowadays the most
opular ones whereby recent innovations have led to the avail-chiral selectors and CSPs.
ability of immobilized polysaccharide-based CSPs with extended
solvent compatibility and ruggedness. Compared to the neutral
polysaccharide-based CSPs, the Cinchona alkaloid-based zwitteri-
onic chiral selectors and CSPs, respectively, provide intrinsically
ion-pairing and thus ion-exchange capabilities for cationic, anionic
and ampholytic selectands. Although the neutral polysaccharide-
type CSPs lack this property their excellent and wide application
spectrum for the resolution of neutral, basic and acidic analytes has
already been proven. The zwitterionic chiral selectors and CSPs do
also allow enantiomer separation of a remarkably broad spectrum
of ionizable chiral analytes ranging from acidic to basic and zwitte-
rionic compounds, however, on a molecular basis the mechanisms
causing retention and enantioselectivity will differ signiﬁcantly
from those of polysaccharide-type CSPs [25–28].
In this work, we  present results obtained on enantioseparation
of six structurally related C-3-substituted chiral indole analogs of
basic or ampholytic character (see Fig. 2) on two  structurally dif-
ferent sets of CSPs operated in LC and SFC conditions. The inﬂuence
of mobile phase composition, different additives, the structure of
chiral selectors and selectands (analytes), and the effect of tem-
perature on the retention and separations of stereoisomers are
described. On the basis of the obtained results, similarities and
differences between LC and SFC mobile phase conditions are dis-
cussed also in the light of the above raised arguments for the
use of liquid CO2 in combination with alcohol as mobile phase
co-solvent leading to subcritical ﬂuid chromatography conditions.
Focus was  given towards mechanistic details of chiral recognition
phenomena in context to the two different operational modes (LC
vs SFC) and effects of mobile phase composition on the chromato-
graphic behavior. It is important to realize that radial and axial
temperature gradients in the column affect thermodynamics of
adsorption and result in volumetric ﬂow rate gradient through
the column [29–31]. The problem of calculating the real opera-
tional conditions in SFC (in opposite to LC where the set values
182 A. Bajtai et al. / J. Chromatogr. A 1563 (2018) 180–190
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an be trusted) was recently addressed [24]. In this study for the
ake of operational simplicity only the numerical settings of the
FC system got varied. Conclusions were drawn only for the SFC
ystems using subcritical conditions, where no dramatic differ-
nces between the actual and set operational conditions can be
xpected.
. Experimental
.1. Synthesis of analytes
The syntheses of 3-functionalized indole derivatives have
reviously been achieved via multicomponent reactions. Par-
icular efforts have been made to insert another biologically
ctive moiety such as tetrahydroisoquinoline into position 3. The
ynthesis of 1-(3-indolyl)-1,2,3,4-tetrahydroisoquinoline involved
he coupling of indole with N-protected tetrahydroisoquino-
ine under iron and copper catalysis [32,33] or through the
unctionalization of N-protected tetrahydroisoquinoline with
ndole via intermediate peroxides [34]. The syntheses of both
nantiomers of 3-(1,2,3,4-tetrahydroisoquinolin-1-yl)indole were
ttained by Qiu et al. in a pathway comprising 12 steps. The
ptically pure 3-substituted indole derivatives were then trans-
ormed to a potentially new chiral molecular inhibitor of Rad51
35].
The analytes were synthesized by the direct aza-Friedel–Crafts
eaction of indole with 3,4-dihydroisoquinolines, 4,6-dihydro-3H-
enzo[c]azepine, and 4,9-dihydro-3H-ß-carboline. The reactions
ed to the formation of 3-substituted indole derivatives 1, 3 [36]
nd 5 [37]. The reaction was extended to the synthesis of 3-
ubstituted indole-2-carboxylic acids 2 and 4 [36] as well as 6 [37]
s indole -amino acid derivatives (Fig. 2). The analytes (free base
nd ampholytes) were dissolved in methanol (MeOH) (1 mg/ml)
nd 10–20 l of these solutions got injected.
n-Hexane, alcohols [MeOH, ethanol (EtOH), 1-propanol (1-
rOH), 2-propanol (2-PrOH), butanol (BuOH), t-butanol (t-BuOH)
f HPLC grade], different amines [ethylamine (EA), diethylamine
DEA), diethanolamine (DEOA), triethylamine (TEA)], and formic
cid (FA) were provided by VWR  International (Radnor, PA, USA).
iquid CO2 was from Messer (Budapest, Hungary).le-type analytes.
2.2. Instrumentation and chromatography
HPLC measurements were performed on a Waters Breeze
system consisting of a 1525 binary pump, a 487 dual-channel
absorbance detector, a 717 plus autosampler and Empower 2 data
manager software (Waters Chromatography, Milford, MA,  USA). An
external water bath (Lauda Alpha RA8, Lauda Dr. R. Wobser Gmbh,
Lauda-Königshofen, Germany) was applied for the thermostation
of columns.
In the LC experiments ambient temperature was applied,
unless otherwise stated. In case of polysaccharide-based columns
1 ml  min−1, while for zwitterionic columns 0.6 ml  min−1 ﬂow rate
was set.
For SFC experiments, a Waters Acquity Ultra Performance Con-
vergence ChromatographyTM system was  applied (UPC2, Waters
Chromatography, Milford, MA,  USA) containing a binary solvent
delivery pump, an autosampler including the volume injection sys-
tem, a backpressure regulator, a column oven, a PDA detector, and
the Empower 2 software for data acquisition. The lowest possible
temperature setting of the built in column oven of the UPC2 was
20 ◦C.
In the SFC experiments 2 ml  min−1 ﬂow rate, 150 bar back pres-
sure and 40 ◦C temperature were set, unless otherwise stated.
Columns with immobilized polysaccharides were as fol-
lows: amylose tris(3,5-dimethylphenylcarbamate) (Chiralpak
IA), amylose tris(3-chlorophenylcarbamate) (Chiralpak ID),
amylose tris(3,5-dichlorophenylcarbamate) (Chiralpak IE),
amylose tris(3-chloro-4-methylphenylcarbamate) (Chiralpak
IF), amylose tris(3-chloro-5-methylphenylcarbamate) (Chiral-
pak IG). Two  cellulose-based columns used were cellulose
tris(3,5-dimethylphenylcarbamate) (Chiralpak IB) and cel-
lulose tris(3,5-dichlorophenylcarbamate) (Chiralpak IC). All
polysaccharide-based columns had the same physical size of
250 mm × 4.6 mm I.D., 5-m particle size; whereas the Cinchona
alkaloid-based ZWIX(+)TM and ZWIX(−)TM columns had the size of
150 mm × 3.0 mm I.D., 3-m particle size. All these columns were
provided by Chiral Technologies Europe (Illkirch, France).Stock solutions of the three basic and the three ampholytic
indole analogs (0.5–1.0 mg  ml−1) were prepared by dissolving them
in the mobile phase or in MeOH.
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. Results and discussion
The two groups of the studied chiral indole analogs possess
ither an indole skeleton with a carboxyl (analytes 2, 4 and 6)
r without a carboxyl group (analytes 1, 3 and 5), and all bear
 basic piperidine or azepine moiety condensed with benzene
r indole. This chemical and steric distinction may  inﬂuence the
elector–selectand interactions (as –, H-bonding, ionic, and
teric effects, etc.). The chiral selectors of the polysaccharide-type
SPs (see Fig. 1) are polymeric in nature and partially helically
oiled thus creating also chiral cavities surrounded by carbamoyl
nd aryl sites capable for - interactions and H-bonding. These
electors are per se non-chargeable items and lack therefore sites for
trong electrostatic interactions. In contrary, the brush-type CSPs
see Fig. 1) contain a weak basic (pKa ca. 9 in water) and a strong
cidic (pKa ca. 1) site thus accessible for electrostatic interactions
ith bases, acids and ampholytes [38].
.1. Effects of mobile phase composition on the chromatographic
arameters in LC mode
Exempliﬁed for the basic analyte 5, the IA,  IE and IG
olysaccharide-based phases were investigated applying n-
exane/2-PrOH mobile phases with different ratios. As depicted in
ig. 3A a typical normal-phase behavior was registered: an increase
f the content of n-hexane resulted in a marked increase in k1, while
or RS and, in particular, for  the change was moderate. A similar
rend was observed for the compounds 1 and 3 practically for all
ix polysaccharide-type CSPs, however, the retention and enantios-
lectivity data could be quite different, as summarized in Table 1.
t this point it should be mentioned that under NP-LC conditions
he ampholytic analytes 2, 4 and 6 were unretained and eluted at
he front.
The variation of the nature of the alcohol component of the
obile phase is a frequently applied possibility to optimize sep-
ration performance both in NP-LC [39–41] or SFC mode [42–44].
his parameter was investigated again for basic analyte 5 on Chiral-
ak IA and IB using the mobile phase system n-hexane/alcohol/DEA
70/30/0.1 v/v/v). The tested alcohols were EtOH, 1-PrOH, 2-PrOH,
uOH, and t-BuOH. With the nature of alcohol k1 values changed
odestly, except for t-BuOH (Fig. S1A, Supplementary Materi-
ls), which provided the highest k1 values. The separation factor
hanged in a relatively narrow range from 1.07 to 1.31; however,
tOH exhibited an exceptionally high  value. For the resolution
f analyte 5 on both IA and IB columns, EtOH and 2-PrOH seemed
o be the most effective co-solvent. The inﬂuence of the nature of
mines on chromatographic parameters for the basic analytes was
egligible; further experiments were carried out in the presence of
EA.
For the zwitterionic ZWIX(+)TM and ZWIX(−)TM columns
on-aqueous polar protic and non-protic organic solvents in combi-
ation with acid and base modiﬁers are generally the most suitable
onditions [45,46]. First the effect of mobile phases consisting of
eOH (as a polar protic solvent) and MeCN (as a polar aprotic
olvent) with varying composition (MeOH/MeCN 50/50–20/80 v/v)
ontaining 60 mM FA and 30 mM DEA has been investigated for
he basic analyte 1 and the ampholytic analyte 2 (Fig. 3B). Reten-
ion increased markedly, while  and RS changed only slightly with
ncreasing MeCN content in the mobile phase, in harmony with
ther studies [47,48]. The increase in retention can probably be
xplained by the decreasing solvation effect of all the charged sites
s a result of the decreasing MeOH content. This eventually leads
o stronger electrostatic interactions between the ionizable ana-
ytes and the ionizable selector (SO) sites. The slight enhancement
bserved in  (and RS) is probably due to the enhanced H-bonding
nteractions caused by the reduced protic MeOH content. It shouldA 1563 (2018) 180–190 183
be underlined that there is no important difference between the
retention behavior of basic analyte 1 and zwitterionic analyte
2, while the enantioselectivity is signiﬁcantly higher for analyte
2. However, the additional carboxylic group of analyte 2 does
obviously signiﬁcantly contribute to the overall enantioselective
molecular recognition alignment of the SO–SA associates expressed
by differences of the stability constants of the two diastereomeric
SO-(R)–SA and SO-(S)–SA associates.
3.2. Effects of mobile phase composition on the chromatographic
parameters in SFC mode
Investigating the analytes on the same polysaccharide-type
CSPs but using subcritical conditions (e.g. 50% methanol as co-
solvent) the situation changed signiﬁcantly for the bases 1, 3 and
5 compared to the NP-LC mode. The retention dropped markedly,
the enantioselectivity varied from column to column and the IG
column turned out to be the most selective one in most cases.
The remarkably strong increase of retention of the ampholytes in
SFC mode (which were unretained in NP-LC) was  generally accom-
panied with good enantioselectivities. The interpretation of this
phenomenon remains speculative at this point and it needs more
dedicated mobile phase variation experiments which are beyond
the present investigation and will be a matter of forthcoming stud-
ies.
A similar behavior was  observed for analyte 5 on the same
columns in SFC mode applying various CO2/MeOH compositions
as mobile phase (Fig. 4A). Signiﬁcantly higher k1 values were reg-
istered at higher CO2 content without practically any changes in
selectivity. It follows the trends of the NP-LC mode.
In SFC mode the role of the nature of alcohol was  studied on
Chiralpak IA,  IE and IG columns with liquid CO2/alcohol (50/50 v/v)
containing 20 mM DEA as mobile phase. The tested alcohols were
MeOH, EtOH, 1-PrOH and 2-PrOH. In SFC mode, k1,  and RS changed
in different ways upon varying the nature of alcohols and the type
of columns. Higher k1 values were obtained on Chiralpak IA and IG
columns by application of 2-PrOH (k1 ranged between 0.68–4.56),
while  values were the highest on IG column in the presence of
MeOH. For the columns IA and IE,  the mobile phase containing
2-PrOH was  the most advantageous (Fig. S1B). Concerning reso-
lution, RS changed in parallel with . The nature of amine additives
was also investigated. They are generally used to improve peak
shapes on polysaccharide phases. The application of EA, DEA, TEA
and DEOA on the separation of the basic analyte 5 in SFC mode
exhibited small effects on k1,  and RS (Fig. S2).
Interestingly, LC-like behavior was observed when zwitterionic
columns were applied in subcritical ﬂuid conditions: retention
enhanced steadily, while  and RS increased only moderately
with increasing liquid CO2 content (Fig. 4B). The observed similar
chromatographic behavior in SFC mode supports the notion that
interactions responsible for the retention and enantiorecognition
for these type of CSPs are basically the same as in LC mode. Besides
the similarities, it is important to note that the retention behav-
ior of analyte 2 differs more signiﬁcantly from analyte 1 in SFC
mode than in LC mode. The different behavior can be attributed
to the effect of the carboxylic group markedly contributing to the
retention under SFC conditions. In contrast to the LC observations,
the ZWIX(−)TM column exhibited a reasonable enantioselectivity
in SFC mode for analyte 1. However, analytes having an additional
carboxylic group (e.g. analytes 2, 4 and 6) thus being much more
polar could be resolved with higher selectivity, similar to that found
in LC mode.It should be mentioned here that the selectors of ZWIX(+)TM and
ZWIX(−)TM are in principle diastereomeric to each other, although
often termed pseudo-enantiomeric as they behave like that. As a
result the overall enantioselectivity for a given pair of chiral ana-
184 A. Bajtai et al. / J. Chromatogr. A 1563 (2018) 180–190
Fig. 3. Effect of mobile phase composition on k1, , and RS for analyte 5 on three different polysaccharide-based CSPs (A) and for analyte 1 and 2 on zwitterionic CSPs (B) in
LC  mode.
Mobile phase: A, n-hexane/2-PrOH/DEA (50/50/0.1–90/10/0.1 v/v/v), B, MeOH/MeCN (50/50–20/80 v/v) containing 30 mM DEA and 60 mM FA.
Table 1
Chromatographic data, k1,  and RS for the direct separation of C-3 substituted chiral indole analogs on polysaccharide-based chiral stationary phases in NP-LC mode.
Analyte Column k1  RS
IA 1.86 1.23 1.68
IB  2.15 1.28 1.41
IC  0.79 3.36 8.34
ID  1.00 1.57 3.25
IE  1.06 1.31 2.00
IF  1.13 1.49 2.50
IG  1.46 1.37 2.44
IA 0.95 1.38 2.15
IB  1.38 1.00 0.00
IC  0.56 1.11 0.59
ID  0.62 1.28 1.09
IE  0.79 1.00 0.00
IF  0.79 1.20 1.08
IG  0.80 1.47 2.67
IA 3.86 1.11 0.79
IB  4.84 1.17 0.92
IC  1.24 3.40 7.54
ID  1.83 3.23 8.36
IE  1.57 1.25 1.30
IF  2.18 1.44 2.13
IG  2.65 1.45 2.63
Mobile phase: n-hexane/2-PrOH/DEA (80/20/0.1 v/v/v).
A. Bajtai et al. / J. Chromatogr. A 1563 (2018) 180–190 185
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FC  mode.
obile phase: A, CO2/MeOH (40/60–80/20 v/v), containing 20 mM DEA, B, CO2/MeO
ytes differ substantially and in most cases a reversal of elution
rder is observed due to the pseudo-enantiomeric behavior of the
espective selectors.
.3. Effect of counter-ion content applying zwitterionic columns
n LC and SFC mode
Besides the amino group(s) of the pyrrole ring(s), all analytes
ontain a secondary amino group, while analytes 2, 4 and 6 pos-
ess an additional carboxyl group, which makes all of them capable
f ion-pairing interactions. pKa values for aqueous condition (cal-
ulated with Marvin Sketch v. 17.28 software, ChemAxon Ltd.,
udapest) for the secondary amino groups are between 8.6–9.2 and
or the carboxyl group it is about 3.3. pKa value for the secondary
mino group in the pyrrole ring is above 15.
When applying zwitterionic selectors with mobile phases con-
aining base additives and an excess of carboxylic acid, it can be
ssumed that both the selector and analytes 2, 4 and 6 are in
witterionic form, while analytes 1, 3 and 5 exist in the positively
harged form. As a result, long-range electrostatic interactions (ion-
airing) between the anionic sites and the cationic sites of the
elector and the selectand may  arise with additional intermolecular
elector–selectand interactions responsible for chiral discrimina-
ion. In this case, counter-ions present in the mobile phase will
ompete for the ionizable interaction sites of the selectands and
electors. Consequently, a higher counter-ion concentration should
esult in lower retention according to the stoichiometric displace-
ent model [49,50]. If such an ion-pairing process exists, a linear
elationship should be obtained for the plot of the logarithm of the
etention factor of the ﬁrst-eluted enantiomer (log k1) vs. the log-
rithm of the counter-ion concentration (log c). The situation for
he second eluting enantiomer is similar provided that the overall
electivity does not change.t polysaccharide-based CSPs (A) and for analyte 1 and 2 on zwitterionic CSPs (B) in
/50–80/20 v/v) containing 30 mM DEA and 60 mM FA.
In order to investigate the validity of the simple displacement
model, studies were performed with mobile phases containing
CO2/MeOH (70/30 v/v)  in SFC mode and MeOH/MeCN (30/70 v/v) in
LC mode as well with DEA and FA as co- and counter-ions in both
cases. The obtained results (presented in Fig. S3) clearly conﬁrm
the validity of the stoichiometric displacement model. The slope
of log k1 vs. log c curves is proportional to the effective charges:
on both columns for analytes existing in “monoionic” form, the
absolute value of the slope was signiﬁcantly lower than that for ana-
lytes existing in zwitterionic form, corroborating our earlier results
[47,48].
3.4. Structure–retention relationships and structural effect of
various neutral polysaccharide-based selectors and zwitterionic
Cinchona-based selectors
Results obtained in NP-LC mode at constant mobile phase
composition of n-hexane/2-PrOH/DEA (80/20/0.1 v/v/v) on seven
Chiralpak IA–IG polysaccharide-based phases are summarized in
Table 1. Since the signiﬁcantly more polar zwitterionic analytes
2, 4 and 6 were eluted with the eluent front, only data for 1, 3
and 5 are presented. Chromatographic parameters k1,  and RS
were found to be higher for analytes 1 and 5 vs. 3. This suggests
that analyte 3 containing a benzazepine ring attached to the indole
skeleton ﬁts less well into the amylose or cellulose main-chain cav-
ities resulting in smaller k1,  and RS values in most cases. Data
for the seven polysaccharide-based columns show that the mono-
and di-chlorophenylcarbamoylated Chiralpak ID and IC as well as
chloro-methylphenylcarbamoylated Chiralpak IF and IG columns
afford higher  and (RS) values, which indicates - type in addi-
tion to H-bonding intermolecular interaction increments.
Contrary to LC experiments carried out in NP mode, all six
analytes (1–6) were well retained in SFC mode with the applica-
186 A. Bajtai et al. / J. Chromatogr. A 1563 (2018) 180–190
Table 2
Chromatographic data, k1,  and RS for the direct separation of C-3 substituted chiral indole analogs on polysaccharide-based CSPs in SFC mode.
Analyte Column k1  RS
IA 0.52 1.15 0.83
IB  0.93 1.07 0.49
IC  0.37 1.00 0.00
ID  0.22 1.20 0.56
IE  0.93 1.05 0.28
IF  0.72 1.10 0.76
IG  0.33 1.51 1.71
IA 1.02 1.44 3.30
IB  1.98 1.00 0.00
IC  1.63 2.35 11.32
ID  0.70 1.53 3.94
IE  2.90 1.19 2.21
IF  1.67 1.11 1.13
IG  1.05 3.60 12.63
IA 0.45 1.00 0.00
IB  0.76 1.00 0.00
IC  0.33 1.00 0.00
ID  0.23 1.00 0.00
IE  0.92 1.06 0.15
IF  0.65 1.04 0.18
IG  0.38 1.39 0.79
IA 1.08 2.93 7.61
IB  1.57 1.16 1.51
IC  1.62 1.75 7.11
ID  0.87 1.68 5.31
IE  3.55 1.29 2.82
IF  1.85 1.18 1.55
IG  1.21 1.00 0.00
IA 0.76 1.27 1.23
IB  1.42 1.00 0.00
IC  0.29 1.00 0.00
ID  0.18 1.51 1.03
IE  0.68 1.20 1.13
IF  0.72 1.11 0.70
IG  0.29 3.09 4.60
IA 1.29 1.34 1.71
IB  2.38 1.14 1.17
IC  1.38 2.25 8.27
ID  0.65 1.67 3.79
IE  2.35 1.66 5.15
IF  1.72 1.18 1.41
IG  1.00 4.05 8.79
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robile phase: CO2/MeOH 50/50 (v/v) containing 20 mM DEA.
ion of mobile phase CO2/MeOH (50/50 v/v)  containing only 20 mM
EA with no acid additive (Table 2). A comparison of related data
evealed that molecules possessing an additional carboxyl group
2, 4 and 6) exhibited signiﬁcantly higher k1,  and RS values. It is
ue to the signiﬁcant but not yet fully understood overall SO–SA
inding mechanism leading to an increased retention and chiral
ecognition in SFC mode.For the sake of further discussion it should be mentioned that
liquid CO2 reacts under pressure to a certain extent with methanol
in (in situ) forming the acidic methylcarbonic acid which can be
regarded as an acid additive with a pKa value of ca. 5.5 [51]. For
SFC conditions using liquid CO2 it is assumed that there exists a
gradient of the mobile phase composition on the surface and in the
bulk thus on the surface the polar components should get enriched.
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his was investigated for a polar plain silica phase [23]. We  may
ssume such a situation could also happen to some extent for the
ess polar polysaccharide-type phases thus enriching the interac-
ion site of the CSP surface and thus the chiral cavities enriched
ith polar components of the SFC-type mobile phase. Depending
n the pressure and temperature settings of the SFC system the
ipophilic amino component, the in situ formed carbonic acid and
he type and amount of alcohol used in the subcritical mobile phase
ixture will actually inﬂuence the concrete situation.
Assuming secondary equilibria of the amine, the acid and
he ammonium salt being adsorbed on the surface, a formation
ig. 5. Selected chromatograms for analytes 1–6 in NP-LC or SFC mode.
hromatographic conditions: column, ZWIX(−)TM for analyte 2, Chiralpak IG for analyte
ontaining 30 mM DEA and 60 mM FA for analyte 2, CO2/MeOH 50/50 (v/v) containing 2
nalyte  3.A 1563 (2018) 180–190 187
of dynamically coated cation exchanger within a chiral cav-
ity environment may  be hypothesized. In a way it would be a
similar concept as known for the enantioselective ion pair chro-
matographic modes using RP phases in combination with chiral
lipophilic amines and ammonium components [52]. This way a
retention increment for an analyte with an acidic function is created
via the dynamically coated non-chiral amino component, while
the chiral recognition is eventually driven by the functional and
sterical environment within the chiral cavities. Under SFC condi-
tions using high methanol content the amino-type analytes get
only weakly bonded leading to short retention times. However,
s 1, 3 and 5, IA for analyte 4, IC for analyte 6; mobile phase, CO2/MeOH (70/30)
0 mM DEA for analytes 1, 4, 5 and 6, n-hexane/2-PrOH/DEA 80/20/0.1 (v/v/v) for
1 atogr. 
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ith less methanol as co-solvent these types of chiral amines will
ost probably be retained and resolved as demonstrated for basic
harmaceuticals [24].
The proposed interpretation of the observations is plausible but
ypothesis driven and needs further experiments for its veriﬁca-
ion; however, these were beyond the aim of this paper.
Again, the selectors containing one- or two chlorine atoms (Chi-
alpak IC,  ID,  IE,  IF and IG)  exhibited higher  and RS values
specially in the case of Chiralpak IC and IG which corroborates
he previous ﬁndings.
Comparing the retention behavior of analytes 1–6 on the zwitte-
ionic phases using liquid CO2/MeOH (70/30 v/v)  containing 30 mM
EA and 60 mM FA, it becomes clear that the ionic interactions
re particularly strong. k1 values were more than one order of
agnitude higher in comparison with values obtained on polysac-
haride phases in SFC mode: on ZWIX(+)TM k1 values ranged
etween 15.4–88.2, while on ZWIX(−)TM between 11.4–90.5 (Table
1, Supplementary Materials). As for  and RS values, they were
omparable with those obtained on polysaccharide-based phases.
he strong long-range ionic (ion-pairing) interactions resulted in
igher retention but higher retention is not accompanied with
igher selectivity. Analytes possessing a carboxyl group (2, 4 and
) were more strongly retained which supports the simultaneous
ouble ion-pairing effect.
It is remarkable that under SFC conditions using an alcohol as
o-solvent and an amine as additive to liquid CO2 via the in situ
ormation of methylcarbonic acid and ammonium compounds the
pplication window of the neutral polysaccharide-type CSPs can
igniﬁcantly be widened. This was exempliﬁed via the polar zwitte-
ionic analytes (2, 4 and 6) getting well-retained and well-resolved,
hich is not possible in the conventional NP-LC mode.
As demonstrated the SFC mode offers unexpected possibilities,
hich also reinforces the arguments that liquid CO2 has unique
roperties depending on pressure and temperature, which are not
et fully explored. On the other hand, (chiral) ion exchangers can
e perfectly used without restrictions also in the SFC mode (actu-
lly in subcritical mode) thus giving rise to “mimic” the polar ionic
obile phases (PI mode) used in conventional ion exchange chro-
atography.
Selected chromatograms for the six indole analogs in different
hromatographic modes are depicted in Fig. 5.
.5. Temperature dependence and thermodynamic parameters
In addition to mobile phase composition, stereoselective
nteractions are greatly affected by the temperature in chiral
eparations; therefore, the column temperature has often been
ptimized and kept well controlled [53–60]. The difference in the
hange in standard enthalpy (H◦) and entropy (S◦) for enan-
iomers can be obtained from the van’t Hoff equation [55]:
n  ˛ = − (H
◦)
RT
+  (S
◦)
R
(1)
here R is the universal gas constant, T is temperature in Kelvin, and
 is the selectivity factor. Theoretically, retentions are composed
f achiral and chiral contributions; however, in the present study,
hese two components are not differentiated [57–60].
In order to investigate the effects of temperature on chromato-
raphic parameters, a variable-temperature study was  carried out
ver the temperature range 10–50 ◦C. Experimental data in NP-LC
ode for analyte 5 on seven polysaccharide phases with mobile
hase n-hexane/2-PrOH/DEA (70/30/0.1 v/v/v) are shown in Table
2. The corresponding data found in SFC mode for analytes 1–6 on
hiralpak IA,  IB,  IC and IE with mobile phase CO2/MeOH (50/50 v/v)A 1563 (2018) 180–190
containing 20 mM DEA are collected in Table S3. Results for ana-
lytes 1 and 2 on ZWIX(+)TM and ZWIX(−)TM with mobile phase
CO2/MeOH (70/30 v/v)  containing 30 mM DEA and 60 mM FA are
listed in Table S4.
The collected chromatographic data were utilized to construct
van’t Hoff plots [Eqs. (1)] and thermodynamic parameters (H◦)
and (S◦) for the individual stereoisomers were calculated from
the slopes and intercepts of these plots. As a general trend, van’t
Hoff analysis of the separation factors (ln  ˛ vs 1/T)  gave linear plots,
as indicated by the correlation coefﬁcients in Table S5.
In NP-LC mode on polysaccharide phases for analyte 5, k
decreased in all cases with increasing temperature (Table S5; data
are shown only for cases when separation occurred). The transfer
of the selectand from the mobile phase to the stationary phase,
in general, is an exothermic process and, consequently, k (and
) decreases with increasing temperature. In NP mode (H◦)
ranged from −1.2 to −7.2 kJ mol−1 and the trend in the change
in (S◦) was similar to that in (H◦): (S◦) ranged from
−1.1 to −19.2 J mol−1 K−1. The lowest (H◦) and (S◦) values
were obtained on cellulose tris(3,5-dichlorophenylcarbamoylated
Chiralpak IC)  and amylose tris(3-chlorophenylcarbamoylated Chi-
ralpak ID)  selectors capable for H-bond interactions through the
chlorine atom. This was supported by the lowest (G◦)298 value.
Under SFC conditions on polysaccharide-based phases k and 
in most cases decreased with increasing temperature. However, for
analytes 1 and 3 on Chiralpak IE column and for analyte 6 on Chi-
ralpak IB the behavior was unusual: with increasing temperature
k decreased, but  (and RS) increased (Table S5). (H◦) ranged
from −35.9 to +1.8 kJ mol−1 and (S◦) ranged between −107 to
+7.0 J mol−1 K−1. Under the conditions where (H◦) was negative,
(S◦) was also negative, and positive (H◦) was accompa-
nied by positive (S◦). The interactions of 4 with Chiralpak IA
CSP were characterized by the most negative (H◦), (S◦) and
(G◦)298 values.
When selectivity increased with increasing temperature,
(H◦) and (S◦) were positive. In these cases, the change in
(H◦) with increasing temperature had a positive effect on enan-
tioselectivity. Thermodynamically, this unusual behavior may be
attributed to positive (S◦) values indicating the importance of
the entropy contribution to the chiral separation. For analytes 1, 3
and 6 in this temperature range on both Chiralpak IE and Chiral-
pak IB columns, enantioresolution is entropically controlled, and
the selectivity increased with increasing temperature. This unex-
pected observation in SFC, which is in contrast to the NP-LC mode,
is a strong indicator that liquid CO2 affects signiﬁcantly the shape
and conformation of the chiral cavity of the polymer via solvating
the binding sites.
The thermodynamic parameter (G◦)298K suggests that in SFC
mode (acidic conditions) the analytes containing a carboxyl group
(2, 4 and 6) induced binding to the selector more efﬁciently, as
reﬂected by the more negative (G◦)298K. For analytes 1 and 3
on Chiralpak IE column and analyte 6 on Chiralpak IB column, the
positive (S◦) compensated for the positive (H◦) and resulted
in a negative (G◦) value (Table S5).
The relative contribution to the free energy of adsorption can
be represented through the calculation of the enthalpy/entropy
ratio Q [Q = (H◦)/[298 × (S◦)]. As indicated in Table S5 the
chiral discrimination, in most cases, was  enthalpically controlled
(Q > 1). However, when  increased with increasing temperature
the enantioselective discrimination was  entropically controlled
(Q < 1.0). The relative contribution of enthalpy to the free energy
was extremely large for analytes 2, 4 and 6 on Chiralpak IC,  which
is probably due to the extra H-bonding ability.
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. Conclusions
Direct LC- and SFC-based methods have been developed and
pplied for the separation of enantiomers of six (three basic and
hree ampholytic) structurally related C-3-substituted chiral indole
nalogs on seven amylose- or cellulose-based polysaccharide and
wo Cinchona alkaloid- and sulfonic acid-based zwitterionic CSPs.
he apolar content of the mobile phase (n-hexane or liquid CO2 in
he case of SFC) signiﬁcanly inﬂuenced k,  and RS values; namely,
hey generally increased with decreasing polarity of the mobile
hase in both chromatographic modes.
Applying polysaccharide-based phases in NP-LC mode, the
ffect of different alcohol additives revealed that k1 values changed
lightly with the nature of the alcohol and  changed in a nar-
ow range for the given set of basic analytes. The three ampholytic
nalytes eluted in the front and were not retained under these
onditions.
However, in SFC mode k1,  and RS changed in different ways by
ariation of the nature of alcohol, the amine additive and the type
f columns. Thus the ampholytes unexpectedly got well retained
n the normally neutral polysaccharide-based CSPs.
It is hypothesized that the peculiarities of the subcritical mobile
hase conditions of liquid CO2 in combinations with alcohols and
mines lead to a dynamically modiﬁed chiral stationary phase
ear to the chiral selector moieties of the chiral cavities of the
olysaccharide derivatives. In this status unique retention and
nantioseparation can be generated.
The application of zwitterionic CSPs induced quite similar chro-
atographic behavior in SFC and LC modes. This indicates that
he most important interactions responsible for the retention and
nantiorecognition are of electrostatic nature and basically the
ame in both chromatographic modes. A comparison of enan-
ioselectivities obtained for “monoionic” and zwitterionic analytes
llows the conclusion that zwitterionic analytes could be resolved
ith much higher selectivity both in LC and SFC modes. It is worth
o mention that the carboxylic group has a markedly enhanced
ontribution to the retention in SFC mode. The simple displace-
ent model could be applied for the description of the effects of
ounter-ions on the retention both in SFC and LC modes, and it
nderlines the importance of ion-pairing interactions in both sep-
ration modes.
In summary, the NP-LC and SFC modes reveal that SFC (actually
orking in subcritical mode) can have a lot of potential for the
hromatography of polar acidic and ampholytic analytes with both
olysaccharide- and ion-exchange-based columns.
Regarding the temperature dependence, linear van’t Hoff
lots were observed in the studied temperature range and
1 and  decreased with increasing temperature indicating an
nthalpy-driven separation in most cases. However, in some cases,
ntropy-driven separation was observed: k1 decreased but 
ncreased with increasing temperature with concomitant positive
(H◦) and (S◦) values.
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